We present a physically consistent interpretation of the dc electrical properties of niobiumnitride (NbN)-based superconducting hot-electron bolometer (HEB-) mixers, using concepts of nonequilibrium superconductivity. Through this we clarify what physical information can be extracted from the resistive transition and the dc current-voltage characteristics, measured at suitably chosen temperatures, and relevant for device characterization and optimization. We point out that the intrinsic spatial variation of the electronic properties of disordered superconductors, such as NbN, leads to a variation from device to device.
Low noise heterodyne-mixers for frequencies beyond 1 THz are based on so-called hot-electron bolometers (HEB). They have been used in the 2009-2013 Herschel Space telescope [1] , the GREAT instrument on SOPHIA [2] , and are scheduled to be used in future balloon-borne astronomical experiments [3] . Unfortunately their physical analysis is poorly developed, which is due to their complexity. First, the absorption of radiation by the superconductor creates a position-dependent non-equilibrium state of the electron-system. Furthermore, in practice the superconductor is coupled to good conducting normal antennas, usually made of gold. Hence, the device is for a certain temperature range essentially a normalmetal-superconductor-normalmetal * T.M.Klapwijk@tudelft.nl (NSN) structure, with a low resistance contact between the N and S parts, which means that the proximity-effect plays a role as well as the conversion of normal current to supercurrent. In addition, under operating conditions the superconductor is brought into a superconducting resistive state, which is caused by a third non-equilibrium phenomenon: the time-dependent changes of the macroscopic superconducting phase. Finally, it has been empirically found that the best devices are obtained by using a very thin film of niobiumnitride (NbN) with a large normal state resistance per square. Such a high degree of disorder competes in a complex way with the tendency to superconduct. [4, 5] Due to its non-equilibrium position-dependent nature a complete description would require the use of the full machinery of the KeldyshUsadel theory [6, 7] , augmented for the application to strongly disordered superconductors, which is an impossible task. Instead, we present and justify a consistent interpretation and methodology to extract the physically relevant parameters from the dc measurements of practical HEB devices. Ultimately the connection to the operation of hot-electron bolometers as mixers should be made, which we do in a separate article. [8] Here, we focus only on the physics underlying the dc properties.
A typical hot-electron bolometer ( Fig.1) consists of a centre piece of a thin film of NbN. We study a series of devices made of a 3 to 4 nm thick NbN film shaped to a width W and length L. In the present experiment we vary intentionally only the width W of the NbN film between the contacts, in order to separate experimentally the properties of the contacts from the properties of the NbN itself. In practice, these contacts provide the boundary conditions for the driven superconducting state in the bare NbN film. As illustrated in the figure the devices consist of 3 different parts. A central, bare NbN film, connected to a NbN-Au bilayer, which on its turn is connected to a NbN-Au-Cr-Au multilayer, which serves as an antenna. During deposition of the NbN the substrate is at a high temperature of 800 0 C. After cooling the substrate to 300 0 C a thin film of 20 nm thick Au is deposited in situ. This in situ process is used to guarantee a good metallic contact between Au and NbN. The Au is subsequently locally removed by ion-etching and wet chemical etching through a window in an electron beam resist, to define the bolometric elements (Fig.1 ). An additional layer of 70 nm of Au is deposited to serve as an antenna. This 2nd Au layer is deposited in a separate deposition run, using a few nanometers of Cr for better adhesion. We define, T c1 as the superconducting transi- tion temperature of the NbN of the active material itself, T c2 of the NbN-Au bilayer, and T c3 of the NbN-Au-CrAu multilayer. This type of arrangement and fabrication scheme leads to reproducible devices with excellent noise performance when operated as a heterodyne mixer [9, 10] . Table I shows the device parameters. Fig. 2 shows a set of curves of the resistance as a function of temperature in a narrow temperature range. It reveals the transition curve for uncovered NbN and the end transition of the NbN-Au bilayer. However, it is important to take into account a wider temperature range, which includes the resistance as a function of temperature to room temperature (Fig.3 ). These curves clearly show a rise in resistance from room temperature to cryogenic temperatures.The critical temperature T c1 , taken as the mid-point of the transition, marks the transition temperature of the uncovered NbN of the specific device.The values for T c1 are given in Table I , and it is clear that they scatter. One also finds a variation in the peak of the resistance just prior to the turn to superconductivity, listed in Table I , as R peak . This variation in T c1 and R peak is a significant result because these devices are all made of the same film. Recent research on strongly disordered superconductors [4, 5] suggests that this variation is unavoidable. The reason is that the films, approximately 4 nm thick, have a resistance per square of the order of 1200 Ω/ , which is equivalent to a resistivity of 480 µΩcm. The recent research has made clear that the competition between localization and superconductivity leads in these strongly disordered films, to a spatially fluctuating energy gap, even for atomically uniformly disordered materials [4, 5] . Hence, superconducting properties need to be determined for each individual device to arrive at a consistent parametrization in the comparision of the devices taking into account the variations in T c1 and R peak shown in Table I . In Fig.3 the normal state resistances for all studied devices are shown scaled with the width W and normalized to R peak , with temperatures normalized to T c1 . All curves are on top of each other and in agreement with the lithographically defined length of 0.4 µm, as is evident from the vertical axis. The value of R peak in Table I will in the following be taken as the resistivity in the normal state of the superconducting film of the particular device, which will also be a measure of the elastic
Resistance as a function of temperature scaled on the normal state resistance just above Tc1 and multiplied by the width W for the set of devices listed in Table I . Inset: Schematic view of the center of the device. Black arrows indicate which part is determining the critical temperature, Tc1 for the NbN (blue) and Tc2 for the bilayer. The dashed red line indicates the superconducting resistive part of the NbN, which causes the plateau-resistance in the R(T ) trace indicated with the red arrow.
FIG. 3.
Resistive transitions of the devices, all based on a single film of NbN, over a large temperature range. The data are rescaled to the same width and normalized to R peak (Table I) .
mean free path and the diffusion constant.
The evolution of the resistive superconductivity in the device is apparent from the resistive transition over a much more narrow temperature range around T c1 and shown for all devices in Fig. 2 . The observed resistance is multiplied by the width W and divided by R peak to take out the dependence on the width and the dependence on the resistance in the normal state. We observe clearly two transitions, a third more gradual transition is in this measurement not clearly visible due to the noise. The fact that the normalization on the NbN properties leads to an identical set of curves is a clear indication that we observe systematic behavior for all devices. Since the scaling is based on the width and resistivity of the NbN we must assume that the full stepwise resistive transition of these devices is due to the properties of the NbN and, as often incorrectly assumed, not just only the transition at T c1 .
With the values of T c1 and T c2 understood, we address the more difficult question of the origin of the observed resistance between T c1 and T c2 (Table II) . It has an identical value for all devices if properly scaled on the geometric dimensions of the NbN and the NbN properties. In addition the device is, for that temperature range, an NSN device with the yellow parts in the inset of Fig.2 in the normal state and the blue part superconducting. In recent years Boogaard et al [11] and Vercruyssen et al [7] have shown experimentally that in NSN devices an intrinsic contact-resistance arises. In particular in Boogaard et al [11] it was experimentally proven that the resistance is independent of the length and interpreted as due to the conversion of normal current to supercurrent. For ∆ ≫ k B T , far below the critical temperature this conversion-process occurs with a decay length of about the coherence length. It can be understood as a consequence of Andreev-reflection with diffusely scattered decaying waves at the superconducting side. We argue below that the plateau resistance in Fig. 2 is due to this conversion-resistance arising from evanescent states and taking place inside the superconducting NbN over a length of the order of the coherence length, as sketched in the inset of Fig. 2 .
We return to the devices shown in Table I for which we have varied the width W while keeping the length L constant. The width of the NbN-Au bilayer was kept constant, as well as all other parameters. The plateauresistance occurs between T c1 and T c2 , when the NbN-Au bilayer is normal. The order of magnitude of the resistance is about 10 Ω. It could be an experimental artefact due to the interface. However, we argue that the resistance is due the uncovered superconducting NbN. First, the resistance, which one expects from the NbNAu bilayer in the normal state, is in essence equivalent to two parallel resistors of two films with the resistivity of Au and NbN, respectively. Given the known numbers of their sheet resistances, 2.5 Ω/ and 1200 Ω/ , this resistance is dominated by the 20 nm Au, which quantitatively is much less than the observed value of 10 Ω. The same argument applies to the NbN-Au-Cr-Au multilayer of the antenna. Secondly, as shown in Fig.2 all curves collapse onto one curve when scaled with the width W of the NbN, while all other dimensions are kept the same. Thirdly, if it is due to the same mechanism as reported in Boogaard et al [11] and Vercruyssen et al [7] it should occur over a length of the order of the coherence length in the NbN. On the vertical axis the data are scaled on the normal state resistance of the device at the peak value just above T c1 , called R peak . Horizontally the temperature is normalized on the T c1 of the main resistive transition attributed to NbN. Fig. 2 clearly shows that all the curves follow an identical trace, proving that indeed all the properties of the resistive transition are controlled by the properties of the bare NbN. From the sheet resistance of 1200 Ω/ we find that the effective length of the two resistive parts of the superconducting NbN is about 8 nm.
As shown by Boogaard et al [11] the effective length for 2 interfaces is expected to be equal to 1.92 √ ξ 0 l, with ξ 0 the BCS coherence length and l the elastic mean free path, or about 2 times the low temperature coherence length of a dirty superconductor: √ ξ 0 l. Assuming that we can use these results for NbN we find a coherence length of the order of 3 nm to 4 nm, in very good agreement with other estimates of the coherence length for NbN. We conclude that for bath temperatures between T c1 and T c2 the device can be viewed as an NSN device, with the observed plateau-resistance due to the nonequilibrium charge conversion length inside the uncovered NbN. This resistance is realized in the NbN although it is in the superconducting state. Obviously this resistive contribution has a negative effect on the mixing performance of NSN devices because it is only weakly dependent on changes in electron temperature.
Having identified the origin of the resistance between T c1 and T c2 it is worth extending the analysis to a study of the current-voltage characteristics in the same temperature range. A typical set, measured at a normalized temperature T /T c1 = 0.8, is shown in Fig.4 . The I, V curves are almost linear and are terminated at some critical point in the I, V plane, after which the system switches to the normal state. There is some variation from device to device with respect to this critical point, but if properly scaled they are quite similar and the linearity is not trivially expected. The linear behavior indicates that the conversion-resistance at the entry and exit of the superconducting material does not change with increasing bias voltage. Apparently the extra energy which enters the system does not effect the chargemode of non-equilibrium at the NS interface, which describes the conversion-resistance. However, in addition to the charge mode of nonequilibrium there is also an energy-mode of nonequilibrium, analogous to heating or cooling. Keizer et al [6] have identified a critical voltage at which the superconducting state becomes unstable, for a voltage approximately equal to (1/2 √ 2)∆ 0 , with ∆ 0 the equilibrium energy gap of the superconductor. The approach to this point is not observable in the I, V curve because as long as the material stays superconducting, i.e. carries a supercurrent, it does not contribute to the voltage. However, in the model of Keizer et al [6] and Vercruyssen et al [7] it is assumed that the length of the superconducting wire is short compared to the electron-electron interaction time τ ee , leading to the parameter range ξ < L < Λ ee . Consequently, a positiondependent non-thermal 2-step distribution function occurs like for normal metal wires studied by Pothier et al. [12] For NbN this assumption is not justified because the electron-electron interaction time τ ee is estimated to be 2.5 psec (see Annunziata [13] ) or 6.5 psec (see Il'in et al [14] ). For the resistance per square of our samples the diffusion constant D is estimated by rescaling from Semenov et al [15] to be 0.2 cm 2 /s, leading to a characteristic length Λ ee of 7 nm to 12 nm. Hence, our NbN devices are in a regime where ξ < Λ ee << L, which justifies our interpretation of the charge-conversion process. However, the energy mode of the distribution function has time to become thermal over the length of the superconductor. Hence, it is to be expected that an effective electron temperature [12] is given by T e (x) = T 2 + x(1 − x)V 2 /L. Here, T is the temperature of the contacts, V the applied voltage, and L the Lorenz number. The coordinate x runs from 0 to 1 along the superconducting wire. It is to be expected that if T e is equal to T c1 the device will become dissipative at the maximum temperature in the center at x = L/2. One expects therefore at T /T c1 = 0.8 that V c = 1.93 10 −4 T c1 with T c1 in K and V c in V in quite good agreement with the data. The fact that V c is slightly lower can be reconciled by taking into account the reduced heat-diffusion, due to the order parameter profile. [8] In addition, some electron-phonon relaxation might also contribute. Assuming that electron-phonon relaxation limits temporal response in mixing experiments [8] we infer τ e−ph of 50 psec, meaning a characteristic length of 35 nm, which has to be taken into account for a full quantitative evaluation. Finally, we emphasize that a critical current in a superconducting nanowire [16, 17] is a property of a moving Cooper-pair condensate, which is very much different from the critical voltage identified here. The critical pairbreaking current is an equilibrium property, unrelated to the absorption of power. The critical voltage is due to the power fed into the quasi-particle system in a voltagebiased superconductor.
In summary, we have presented an interpretation of the dc properties of hot-electron bolometer mixers, based on nonequilibrium superconductivity. We have identified a temperature-regime in the resistive transition, which can fruitfully be related to the microscopic parameters of NbN. In addition, we have taken into account that the superconductor is a strongly disordered superconductor with spatially varying superconducting properties. As a consequence a rationale has been given to determine the full set of parameters for each individual device, based on measurements above and below T c1 , the critical temperature of the NbN but above T c2 the critical temperature of the contacts.
